Abstract. The POLIPHON (Polarization Lidar Photometer Networking) method permits the retrieval of particle number, surface area, and volume concentration for dust and non-dust aerosol components. The obtained microphysical properties are used to estimate height profiles of particle mass, cloud condensation nucleus (CCN) and ice-nucleation particle (INP) concentrations. Of central importance is the conversion of the lidar-derived extinction profiles into aerosol miccrophysical properties (number, surface area, volume). These conversion parameters are determined from Aerosol Robotic Network (AERONET) 5 aerosol climatologies of optical and microphysical properties. In this article we focus on the dust-related POLIPHON retrieval and present an updated set of dust conversion factors considering all relevant deserts around the globe. We apply the new conversion factor set to a dust measurement with polarization lidar in Dushanbe, Tajikistan, in central Asia. Strong aerosol layering was observed with mineral dust advected from Kazakhstan (0-2 km height), Iran (2-5 km), the Arabian peninsula (5-7 km), and the Sahara (8-10 km). POLIPHON results obtained with different sets of conversion parameters were contrasted 10 and discussed in terms of uncertainties.
Introduction
Increasing urbanization, rising aerosol pollution levels, and the need for an improved understanding of the relationship between aerosols, clouds, and precipitation to reduce the high uncertainties in future climate predictions motivated us to develop a robust and easy-to-handle lidar method for an height-resolved retrieval of particle mass concentration and cloud-relevant parameters 15 such as cloud condensation nucleus (CCN) and ice-nucleating particle (INP) concentrations Ansmann, 2016, 2017) . Lidar is the only available technique for continuous monitoring and vertical profiling of local and regional aerosol conditions (Baars et al., 2016) and of intercontinental long-range aerosol transport in the free troposphere and lower stratosphere (Ansmann et al., 2018; Haarig et al., 2018) . The recently introduced POLIPHON (Polarization Lidar Photometer Networking) technique allows the requested aerosol monitoring of environment and climate-relevant aerosol properties. The method com- 20 bines the unique features of polarization lidar (see, e.g., Freudenthaler et al., 2009; Tesche et al., 2011) , permitting an accurate separation of dust from aerosol pollution optical properties, with the unique global aerosol climatology of aerosol optical and
Methodological background
The POLIPHON method is described in detail in Mamouri and Ansmann (2014 . The main part of the POLIPHON data analysis deals with the conversion of aerosol-type-resolved particle extinction coefficients into respective particle microphysical properties. Table 1 provides an overview of POLIPHON dust products and the respective conversions. Similar conversions for non-dust aerosols such as maritime particles or continental fine-mode aerosol pollution (urban haze, biomass burning 5 smoke) can be found in Ansmann (2016, 2017) .
According to Table 1 the POLIPHON data analysis allows us to derive height profiles of dust mass concentrations M d from the dust extinction coefficients σ d , also separately for coarse dust (M dc considering particles with radius>500 nm) and fine dust (M df considering dust particles with radius<500 nm) from respective coarse and fine dust extinction coefficients σ dc and σ df . In the first step, the dust extinction coefficients are converted into dust particle volume concentrations v d , v dc , and v df and, 10 in the second step, the volume concentrations are multiplied by the dust particle density ρ d of 2.6 g/cm −3 (Ansmann et al., 2012 ) to obtain the dust mass concentrations. Further POLIPHON conversion products listed in Table 1 are needed to estimate cloud-relevant aerosol parameters such as the cloud condensation nucleus concentration (CCNC) and ice-nucleating particle concentration (INPC). The number concentrations n 100,d (considering particles with radius >100 nm) is a good estimation for dust CCNC (Mamouri and Ansmann, 2016; Lv et al., 2018) for a frequently occurring and thus typical water supersaturation of 15 0.2% (Siebert and Shaw, 2017) . For 0.2% supersaturation, f ss,d is therefore 1.0 in Table 1 . The particle number concentration n 250,d (considering particles with radius >250 nm) and the dust particle surface area concentration s d are input in the estimation of height profiles of INPC (DeMott et al., 2010; DeMott et al., 2015; Niemand et al., 2012; Ullrich et al., 2017) . Further input in the INPC retrieval are the temperature profile T (z) and an assumed ice super saturation value S ICE in the case of depositionfreezing INPC (Ullrich et al., 2017) . All this is described in detail in Ansmann (2016, 2017) . More details to the 20 INPC retrieval are also given in Sect. 4.
The uncertainties in the POLIPHON retrieval products are 20-30% for M d , n 250,d , and s d , a factor of two to three for n 100,d and n CCN , and an order of magnitude for n INP,d Ansmann, 2016, 2017) . Uncertainties will be discussed in detail in Sect. 5.
The retrieval of trustworthy conversion factors from AERONET observations is of central importance for the applicability of 25 the POLIPHON method. We use the example of mass concentration retrieval to explain the derivation of the conversion factors from the AERONET data base. The mass concentration is given by
with the mass concentration M i for aerosol type i, the particle density ρ i for the specific aerosol type i, and the particle volume concentration v i . In the POLIPHON method, we distinguish marine aerosol (i = m), mineral dust (i = d, df, dc for total dust, fine-mode dust, and coarse-mode dust, respectively) and continental aerosol pollution such as urban haze and biomass burning smoke (i = c). The particle volume concentration can be obtained from the following conversion:
with the conversion factor c v,i,λ and the particle extinction coefficient σ i,λ measured with lidar at wavelength λ. The conversion factor is obtained from the vertically integrated particle volume concentration V i (denoted as column volume concentration) and the aerosol optical thickness (AOT) denoted as τ i,λ , stored in the AERONET data base (AERONET, 2019),
To provide a link to the lidar-derived height profile of σ(z) (see Eq. 2), we introduce an aerosol layer depth with an arbitrarily 
with the layer mean volume concentration v i for aerosol type i and the layer mean particle extinction coefficient σ i,λ . For simplicity, we assume that all aerosol is confined to the introduced layer with constant depth D. We may interprete this layer as the polluted boundary layer with depth D or as a lofted dust layer with a vertical extent D. The introduction of D has no 10 impact on the further retrieval of the conversion factors. The layer is only introduced to move from column-integrated values and AOT to more lidar-relevant quantities like concentrations and extinction coefficients.
In this study here, we focus on mineral dust (i = d, df, dc) and a polarization lidar transmitting laser pulses at λ=532 nm.
We omit the wavelength index in the following. Then we can write for the conversion factor, e.g., in the case of total (fine + coarse) dust,
To obtain a climatologically representative dust conversion factor for a given AERONET station, we selected all dustdominated observations (from number j = 1 to J d collected over many years) defined by an Ångström exponent AE<0.3 and
In Mamouri and Ansmann (2016) , we explain how we calculate n 250,d,j , s d,j as well as n 100,d,j (discussed below) from the downloaded AERONET size distribution data sets. The volume concentrations v d,j , v dc,j , and v df,j are given as numbers in the AERONET data base.
In the retrieval of the conversion parameters required to obtain n 100,d , we used a different approach. Following the procedure suggested by Shinozuka et al. (2015) , we applied a log-log regression analysis to the log(n 100,d )-log(σ d ) data field for each 
as will be shown in the next section.
For completeness, it remains to be mentioned that the dust-case-selecting Ångström exponent AE describes the AOT wave-10 length dependence in the spectral range from 440-870 nm and is given in the AERONET data base together with 500 nm AOT.
The dust AOT is dominated by coarse dust particles and is almost wavelength-independent, i.e., AE is close to zero. In our correlation study we use the AOT for the laser wavelength of 532 nm. The 532 nm AOT τ 532 is obtained from the 500 nm AOT τ 500 and the Ångström exponent a by τ 532 = τ 500 (500/532) a .
15
3 Conversion parameters from the AERONET data base Table 2 contains the list of AERONET stations considered in our effort to determine dust conversion factors for different desert regions around the globe. We preferred stations with long data records and large numbers of observations. As can be seen in Table 2 , the number of useful dust observations (AE<0.3, AOT>0.1) ranges from 218-4199 for 13 out of the 21 sites and is thus sufficiently high enough for the statistical analysis. The first six stations (from Tamanrasset to Ilorin) in ) by 1000. We selected different colors to distinguish Saharan dust observations (green), Middle East measurements (orange) and data collected in Central and East Asia (red). We used bluish colors (blue, 
Relationship between n 100,d and dust extinction coefficient σ d
A different way of the data analysis is used for n 100,d . As suggested by Shinozuka et al. (2015) we correlated log(n 100,d ) vs log(σ d ). Figure 2 shows the relationship between particle number concentration n 100,d and the dust extinction coefficient σ d at 532 nm for two stations (Mezaira, Dushanbe) in logarithmic scale. As outlined in Sect. 2, the particle number concentration 25 n 100,d , considering only the particles with dry radius >100 nm, represents very well the CCN reservoir in the case of dust particles (Mamouri and Ansmann, 2016; Lv et al., 2018 ).
In Fig. 2 , we highlight the difference in the correlation when using all available data (532 nm dust AOT from 0.1 to 3.0 or
) and when using only observations with AOT<0.6 for the two stations of Mezaira and Dushanbe.
By detailed inspection of all data sets (station by station), we observed that the correlation strength significantly decreases with 30 increasing AOT and is no longer clearly visible for all measurements with AOT from 1.0 to 3.0. The Dushanbe data set shown in Fig. 2b is a good example for this observation in the majority of sites.
We can only speculate about the reason for the weak relationship for AOT>0.6. When the AOT is large, the coarse-mode dust fraction may control the measured optical properties and respective inversion results so much that a trustworthy retrieval of the small particle fraction with radii from, e.g., 100-200 nm is no longer possible. Another explanation is that at high AOT conditions, the amount of the fine dust particles may vary just randomly. It is also possible that the AERONET observations themselves cause problems. Most inversion computations are based on observations in the early morning and evening hours when the effective impact of aerosols is strongest (so that the effective dust AOT is even higher by a factor of two and more than the one for the vertical column stored in the AERONET data base). At these low-visibility conditions, the short-wavelength 5 channels (340 and 380 nm) may have problems to correctly measure the overall AOT (Rayleigh AOT plus particle AOT). The short-wavelength AOT values are, however, most sensitive to the optical properties of small dust particles and thus have a strong influence on the accuracy in the n 100,d retrieval.
As a consequence of the low correlation between log(n 100,d ) and log(σ d ) for large AOT we restricted the determination of the conversion parameters c 100,d and x d (see Eq. 11) by means of a regression analysis to AOT values from 0.1-0.6 (or ).
Figure. analysis results (in accordance with Eq. 11) for Mezaira and Cabo Verde are compared. Furthermore, the relationship between n 100,d and σ d as found by Shinozuka et al. (2015) for dusty field sites is presented.
As mentioned above, most of the dust-related lidar observations in the free troposphere show dust extinction coefficients
. For a moderate dust extinction value of 100 Mm −1
, the POLIPHON retrieval yields n 100,d ≈ 150 cm tions (AOT<0.6) and by using the Shinozuka parameterization, respectively. Thus, an overall error of a factor 2-3 as concluded by Shinozuka et al. (2015) and corroborated by Mamouri and Ansmann (2016) is justified in the estimation of n 100,d and the respective CCNC profiles.
Overview of AERONET-derived conversion parameters
In Table 3 , the AERONET-based conversion parameters for all stations are presented. Regional, continental, and global mean All in all, the observed regional differences in the dust conversion parameters in Fig. 4 are small and of the order of ±15-20%
for most of the parameters and stations. ).
Lidar measurement example: Case study of a dust observation in Tajikistan

15
We applied the updated new set of conversion parameters to a dust measurement with our Polly lidar at Dushanbe (38.6
• N,
68.9
• E, 820 m a.s.l.), Tajikistan, in April 2015. The lidar observations were performed in the framework of an 18-month field campaign CADEX (Central Asian Dust Experiment) (Hofer et al., 2017) . The full potential of the POLIPHON method (Table 1) will be shown in this section, with focus on the impact of the elected conversion factors on the results and related uncertainties. The case presented here was already discussed in terms of optical properties by Hofer et al. (2017) . Arabian peninsula (5-7 km height) and even the Sahara (8-10 km) prevailed. As can be seen in Fig. 7b , according to the forward trajectories the dust was advected towards eastern China. This case study documents that not only Asian but also African and Middle East dust can influence the dust conditions over China, Korea, and Japan.
30 Figure 8a shows the basic lidar profiles used in the POLIPHON data analysis. The height profiles of the particle (dust + nondust) backscatter coefficient and the related particle linear depolarization ratio are used to derive dust and non-dust extinction profiles Ansmann, 2014, 2017) . The dust extinction coefficients are then converted into the dust mass concen- Fig. 8b by means the dust conversion factor c v,d in Table 3 for Dushanbe, but also by using the conversion factor for Cabo Verde to show the impact of the selected conversion factor on the POLIPHON end product. The mass computation is performed in the way described in Table 1 . The corresponding dust mass fraction (ratio of dust mass concentration to total particle mass concentration) is presented in Fig. 8b as well. The two mass conversion factors for Dushanbe and Cabo Verde represent a relatively high and low value of all conversion factors listed in Table 3 . The differences in the POLIPHON results
5
caused by using the different conversion factors are well covered by the overall uncertainty in the POLIPHON mass retrieval of 30% (see the error bars in Fig. 8 ) which also includes the uncertainty in the dust extinction determination. Figure 9 presents the POLIPHON results in terms of several CCNC profiles obtained with conversion parameter sets for Cabo Verde, Mezaira, and Dushanbe (see Table 3 ). As mentioned, n CCN,d ≈ n 100,d for a water supersaturation of 0.2%. Such a weak supersaturation typically occurs when air parcels are lifted into the base of a liquid water cloud by weak updrafts, e.g.,
10
in the case of fair weather cumuli (Siebert and Shaw, 2017) . According to the discussion in Sect. 3.2 the overall uncertainty in the regression analysis of n 100,d with σ d is of the order of a factor of 2-3. In Fig. 9 , an uncertainty factor of 2 is considered by the dashed lines. Compared to this factor-2 uncertainty margin, the impact of uncertainties introduced by the applied conversion parameters is small. Figure 10 shows the POLIPHON results in terms of ice-nucleating particle concentrations. As outlined in detail in Mamouri   15 and Ansmann (2016), the POLIPHON data analysis delivers height profiles of the large-particle number concentration n 250,d
and of the dust surface area concentration s d in Fig. 10a with an accuracy of about 25-30% in the case of pronounced dust layers. Again, we applied two contrasting conversion parameter sets (Dushanbe, Cabo Verde). The differences in the results are well covered by the overall POLIPHON uncertainties of 30%.
The profile of n 250,d is then input in the INPC computation (see Fig. 10b According to the extended uncertainty analysis and field observations (see the recent discussions in Marinou et al. (2018) and Ansmann et al. (2019) ) an overall uncertainty in the INPC estimation of an order of magnitude (factor of 3) has always to 30 be taken into account in the data interpretation. This is indicated as dashed lines in Fig. 10b . As can be seen, compared to this uncertainty the impact of the use of different conversion factors in the retrieval of n 250,d and s d is of minor importance in the uncertainty discussion.
In Fig. 10b , we added an INPC profile segment (from 8.5-10 km) based on observations in cloud free air from 15:15-16:10 UTC (see Fig. 6 , just before the time period indicated by the white frame) to extend the INPC profile up to the height which is relatively low and may explain the short-lived thin ice cloud features (occurring after 16:15 UTC) and the absence of 5 large cirrus fields with extended virga zones.
Conclusions
An extended global AERONET analysis has been performed to create a global data sets of dust-related POLIPHON conversion factors. We analyzed AERONET observations for all relevant desert regions in Africa, Middle East, Central and East Asia, America, and Australia and provide respective regional conversion parameter sets. Significant differences in the ob-10 tained conversion parameters caused by potentially different dust composition and size distribution characteristics for different desert regions were not found. Furthermore, the presented Tajikistan case study showed that the use of different, contrasting conversion parameters did not have large impact on the overall uncertainty in the POLIPHON results.
Thus, it is justified to apply a global mean conversion parameter data set (as provided in Table 3 ) to analyse global dust aerosol observations. This is especially of advantage for spaceborne lidar applications. However, it is also recommended to use 15 the regional conversion parameters derived for the 21 AERONET sites and for four continents in respective regional groundbased lidar studies of atmospheric dust, as performed in the Dushanbe case study.
In conclusion, we can state that appropriate conversion parameters are now available for mineral dust around the globe. In addition, conversion parameters representing pure marine conditions are available from marine Barbados AERONET observations Ansmann, 2016, 2017) . As an outlook, it remains to investigate in detail the conversion parameters for 20 anthropogenic aerosol particles (urban haze, rural background aerosol, forest fire smoke, and free tropospheric smoke and haze by using mountain stations). A detailed study for anthropogenic aerosol conversion parameters has only be done so far for the urban, highly polluted AERONET stations of Leipzig and Limassol.
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Parameter Equation/method (reference) Input
Dust mass concentration
Dust particle surface area conc. Table 3 . Dust conversion parameters required in the conversion of particle extinction coefficients σ d at 532 nm into particle number, surface area and volume concentration (index d for total dust, index df for fine dust, index dc for coarse dust) as described in 
